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Two, electrophoretically distinct, forms of carbonic anhydrase I (CA la and CA 
lb) are found at high polymorphic frequencies in red cells of natural populations 
of pigtail macaques, M a c a c a  n e m e s t r i n a ,  from southeast Asia. By use of the 
polymerase chain reaction, exons of the CA I gene were amplified from 
homozygous (a/a, b / b )  and heterozygous ( a / b )  animals. Direct sequencing of 
the amplified DNA from four animals revealed differences between the a and the 
b electrophoretic alleles ranging from three to six nucleotides, and from one to 
three differences within each allele. These results indicate a greater genetic 
variability at the CA I locus in this macaque species than previously realized. 
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INTRODUCTION 
Alleles are frequently typed on the basis of the characteristic electrophoretic 
migration patterns of their protein products. However, little is known about 
the extent to which nucleotide differences are present in such electro- 
phoretic alleles other than the one primarily responsible for its characteris- 
tic electrophoretic type or electromorph. Previous approaches to this prob- 
lem include (a) sequencing the electrophoretic alleles of horse carbonic 
anhydrase I, CA I (Jabusch et al., 1980), (b) subtyping electromorphs of 
phosphoglucomutase in human populations by isoelectric focusing (Taka- 
hashi et al., 1982), and (c) detecting nucleotide variability in electrophoretic 
and nonelectrophoretic alleles by thermolability testing and restriction 
enzyme analyses (Neel, 1984). 
We report here comparative sequence data for two electrophoretic 
alleles at the carbonic anhydrase I locus of the pigtail macaque, Macaca 
nemestrina, the complete gene structure of which has recently been deter- 
mined by one of us (P.J.H.) (Nicewander, 1990). We chose to study this 
species of macaque because of the considerable genetic variability we had 
previously observed in its red-cell carbonic anhydrase (CA) isozymes, CA I 
and CA II (Tashian et al., 1971). Four electrophoretic variants of CA I (CA 
Ia, Ib, Ic, and Id) are found at polymorphic frequencies (i.e., > 0.02) in 
natural populations from Thailand and Malaysia (Table I, Fig. 1). Further 
genetic variability is also present in the form of a red cell-specific CA 
I-deficiency polymorphism, where the frequencies for the deficiency gene 
range from 0.55 in Thailand and 0.57 in Malaysia to 0.70 in Sumatra 
(Tashian et aL, 1971; Darga et aL, 1975; Tashian and Carter, 1976). The CA 
I-deficient phenotype has only trace levels of CA Ia and/or CA Ib in the red 
cells but normal levels in the colon and probably other nonerythroid tissues 
where CA I is normally expressed (DeSimone et aL, 1973; Tashian et al., 
1990). 
MATERIALS AND METHODS 
DNA Preparation 
DNA was prepared from autopsied pigtail macaque tissue kindly provided 
by the University of Washington Regional Primate Research Center, Seat- 
tle. 
To prepare DNA suitable for polymerase chain reaction (PCR) studies, 
100 mg of tissue (muscle or liver) was cut in pieces with a razor blade and 
incubated overnight in 1.0 ml of 6.0 M guanidine-HC1, containing 0.1 M 
sodium acetate. The supernatant was withdrawn and the DNA precipitated 
by the addition of an equal volume of 4.0 M ammonium acetate and 2 vol of 
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Table I. Allelic Frequencies for Electrophoretic Variants of CA I in Macaca  nemestrina a 
Type 
Subspecies Location No. a b c d 
M. n. leonia Thailand 63 0.109 0.829 0 0.072 
M. n. nemestrina W. Malaysia 165 0.556 0.416 0.028 0 
OData from Tashian et al. (1971) and Fooden (1975). 
ethanol. After pelleting the DNA in a microtube by centrifugation, the 
pellet was washed with 95% ethanol and briefly dried. The DNA was then 
dissolved in 100 Ixl of 1 × TE (10 mM Tris-HCl, 1 mM EDTA, pH 8) by 
placing the tube in a boiling water bath for 5 min. 
PCR Amplification 
Seven sets of primers (Table II) were used at a concentration of 0.1 ~xg/100 
~xl to amplify the seven coding exons of the CA I gene according to the 
protocol provided with the Perkin Elmer Cetus PCR kit. Thermal cycling 
was done in a Bellco DNA PaCeR with the following parameters: 94°C, 40 
sec; 54°C, 1 rain; 71°C, I rain; 40 cycles. 
Sequencing of PCR-Amplified DNA 
After amplification, DNA fragments were purified from excess amplification 
primers, and any possible nonspecific fragments by electrophoresis in a 4%, 
19:1 aerylamide:bisacrylamide gel using 1 × TBE (90 mM Tris, 90 mM boric 
acid, 2 mM EDTA).  The DNA fragments were visualized by ethidium 
Or 
Fig. 1. Electrophoretic patterns of red-cell CA I in the pigtail 
macaque, Macaca  nemestrina. Double dots indicate major CA 
I isozyme band; single dots, the secondary isozymes. See 
Tashian et al. (1971) for procedural details. CAItypes d c ab b 
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Table II. The Nucleotide Sequence of the Primers Used for PCR Amplification 


































aFor each exon the upstream primer is given first. The primer sequences are written in the 5'- 
to-3' direction. 
b/'omide staining and placement of the gel on a 360-nm ultraviolet light box. 
The sequences obtained when a 300-nm source was used were unreadable, 
presumably because of pyrimidine dimer formation. The bands were then 
cut from the gel and soaked in 0.5 ml of 0.5 M ammonium acetate for 10--15 
hr. After removal of the gel piece, and addition of 1 ml of 95% ethanol, the 
DNA was pelleted, washed once with 95% ethanol, briefly dried, and 
dissolved in 20 txl of TE. This method of purification removes primers and 
extraneous PCR products at the same time, allowing multiple samples to be 
processed with a minimum of labor and expense. The use of ammonium 
acetate is necessary to prevent the borate from precipitating. Seven microli- 
ters of this DNA solution was mixed with 1 ixl 5% Nonidet P-40 (Bachman et 
al., 1990), 1 Ixl (1 Ixg/Ixl) primer, and 2 txl sequencing buffer [United States 
Biochemical Corp (USBC)]. The same primers that were used for amplifica- 
tion were used for sequencing. Although in the original protocol NP-40 was 
added to each step, we have found it necessary only in this first step. The 
primer-template annealing was performed by first boiling the samples 
contained in microtubes for 3-5 min, followed by rapidly transferring the 
tubes to a dry ice/ethanol bath for 30-60 sec (Casanova et al., 1990) and then 
placing the tubes on wet ice for 10 min. Snap-cooling of the sample appears 
to be critical for obtaining strong readable sequencing ladders. The rest of 
the sequencing reaction was performed according to the protocol supplied 
with the Sequenase sequencing kit (USBC). Both strands were sequenced in 
all cases. 
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Phenotyping 
Starch gel electrophoresis of hemolysates, followed by staining for CA 
activity, was used to type the electrophoretic alleles (Tashian et al., 1971). 
The electrophoretic phenotype of the red cell CA I-deficient animal was 
deduced from the sequence as discussed under Results. A Bsu36 I restric- 
tion site in a PCR product upstream of the noncoding exon la  (Table II), 
which is present only in red cell CA I-deficient animals, was used to show 
that the a/a and b/b animals were not heterozygous for the CA I deficiency 
(data not shown). 
RESULTS AND DISCUSSION 
The PCR technique we used for direct sequencing of double-stranded DNA 
is relatively fast, and the sequences of the exons for both electrophoretic 
alleles can be read at the same time (Fig. 2). We have found this method to 
be highly reliable, with little need for optimization from primer to primer. 
To determine if the coding region of the CA I gene from a red cell CA 
I-deficient animal differs from that of a normal animal, all seven coding 
exons for both alleles, with flanking regions, were sequenced from one red 
cell CA I-deficient animal (No. 1 in Table III). From this sequence, the 
sequence of a cloned a/b animal (No. 5 in Table III), and the relative 
electrophoretic mobilities of the four electrophoretic alleles (Fig. 1), it can 
be deduced that the animal in question must be an a/b type. As can be seen, 
the change responsible for the electrophoretic difference between the a and 
the b types is located at amino acid position 242 (nucleotide 727), which is 
Gln (CAG) in CA Ia and Glu (GAG) in CA lb. The only other amino acid 
difference is at position 241 (nucleotide 725), which is Ser (AGT) for CA Ia 
and Ile (ATT) for CA Ib. In addition, four "silent" nucleotide differences 
were detected at positions 291,309, 717, and 750. The locations of the two 
differences in exon 3 and the four in exon 7 are shown in Fig. 3. 
G A  T C 
Fig. 2. Part of the sequence of exon 7 from the CA I gene of Macaca 
nemestrina. The sequencing was performed as described under Materials 
and Methods. The arrows indicate positions where the a and b alleles 
differ. Two bands at these positions were confirmed in the sequence of the 
complementary DNA strand. 
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Table Ill. Nucleotide Changes Found in the a and b Electrophoretic Alleles at the Carbonic 
Anhydrase I Locus of the Pigtail Macaque, Macaca Nemestrina 
Nucleotide position a 
Animal Exons 






Other species f 
Human CA I 
Mouse CA I 
Rabbit CA I 
ab b 1-7 C/T A/G C/T T/G ~ C/G d G/A 
ab 3, 7 T/T G/G T/T T/G C/G G/A 
bb 3, 7 C/T G/G T/T T/T G/G A/A 
aa 3, 7 C/C A/G C/T G/G C/C G/G 
ab e 1-7 T G T G C G 
C G T T C A 
C C A T C A 
T C T T C G 
aNumbering from translational start site. 
bTyped from a red-cell CA I-deficient animal. 
CT = Ile-241 (ATT), G = Ser-241 (AGT). 
dC = Gin-242 (CAG), G = Glu-242 (GAG). 
~Cloned CA I gene; only one allele was sequenced (Nicewander, 1990). 
fThe nucleotides at these positions from single human, mouse, and rabbit CA I sequences are 
given for comparison (Lowe et al., 1990; Fraser et al., 1986; Konialis et aI., 1985) 
In  order  to de termine  if this variability was limited to red-cell C A  
I-deficient animals, the sequence of  exons 3 and 7 for both  alleles was 
de te rmined  in three pigtail macaques:  one heterozygote  ( a / b )  and two 
homozygotes  (a /a  and b /b ) .  The nucleotides at the positions where  differ- 
ences were  found  are listed in Table  I I I  (Nos. 2-4).  In addition, the 
sequence of  one  allele of  an a / b  animal (No. 6, Table  I I I )  was examined by 
sequencing the cloned genomic  D N A  (Nicewander,  1990). As can be seen, 
the variability of  the a or  b alleles of  the red-cell C A  I-deficient animal (a 
difference of  six nucleotides)  is present  in the a or b alleles of  the normal  
animals as well (Nos. 2-4, Table  III) .  In  addition, the a and b alleles are 
found  to differ by up to three  nucleot ides within each electrophoret ic  allele. 
It  is of  in teres t  that  the nucleot ide variat ion seen in this study is not  
randomly  distributed but  found in two clusters. The  two positions in exon 3 
(nucleotides 291-309) are within 19 bp of  each other,  and the four  in exon 7 
(nucleotides 717-750) are within 34 bp (Fig. 3). Elec t rophore t ic  alleles at 
the C A  I locus, seemingly at polymorphic  frequencies,  have also been  
repor ted  for the orangutan  (Tashian, 1965) and the horse (Sandberg,  1968; 
Jabusch et al., 1980). In  the study by Jabusch et al. (1980), the amino acid 
sequences of  five e lec t romorphs  of  C A  I were analyzed. One  variant  had five 
amino acid substitutions, and  the o ther  four  showed one, two, two, and three 
changes,  respectively. These  11 changes are more  randomly distributed than 
those in the pigtail macaque.  Three  changes in one cluster that  spans exons 6 
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291 
T 
TG CTG AAA GGT GGT CCT TTC TCC GAC AGC TAT AGG CTC TTT CAG TTC CAT TTT CAC TG~ 
Val Leu Lys Gly Gly Pro Phe Set Asp Set Tyr Arg Leu Phe Gln Phe His Phe His Trp 
80 85 90 95 
309 
A 
GGC AGT TCA AAT GAG TAT GGT TCT GAA CAT ACA GTG GAT GGA GTG AAA TAT TCT AGC GAG 
Gly Set Ser Asn Glu Tyr Gly Set Glu His ,Thr Val Asp Gly Val Lys Try Ser Ser GIu 
I00 105 ll0 ll5 
' , , - ]  I I I I  , , ' - t  
7 1 7  7 2 5  7 2 7  
C G G  
CTG GCA CAA T T C  CGC AGT CTT  CTA  TCA A A T  GTT GAA GGT GAT ~ C  CCT GTC CCC A T T  CAG 
Leu Ala Gln Phe Arg Set Leu Leu Ser Asn Val Glu Gly Asp Asn Pro Val Pro Ile Gln 
Set Glu 
225 230 235 240 
75O 
A 
CGC AAC AAC CGC CCA ACC CAG CCT CTG AAG GGC AGA ACA GTG AGA GCT TCA TTT TGA 
Arg ASh Ash Arg Pro Thr Gln Pro Leu Lys Gly Arg Thr Val Arq Ala Set Phe --- 
245 250 255 260 
Fig. 3. Gene structure of CA I ~om Macaca nemestnna (Nicewander, 1990) and 
complete sequences of exons 3 and 7 showing positions of nucleotide variants. The 
translated regions of exons are filled in. The size of infron la ( - 37 kb) is based on 
the human CA] gene (Lowe etal., 1990). 
and 7 are within 34 bp, and three changes in exon 3 are only 6 bp apart. If the 
PCR techniques used in the present study were applied to the horse study, 
one would expect to see an even greater number of variant nucleotides. 
Polymorphic variability in noncoding regions of human DNA has been 
estimated to be about one in 400 nucleotides (Neel, 1984). We would, 
however, expect polymorphic variability in coding regions to be lower due to 
selective pressure. The macaque and horse CA I genes have 6 and 11 
polymorphic sites, respectively, of the 780 nucleotides in the coding regions. 
It is of further interest that CA I variants in humans are found mainly in 
exons 3 and 7. Of the 10 mutations of CA I known in humans, 3 are in exon 3 
at residue positions 86, 100, and 102, and 5 are in exon 7 at positions 225, 
236, 246, 253, and 255 (Tashian et  al., 1983; Wagner et aI., 1991). Thus, in a 
total of 28 variants found in the coding regions of the CA I genes in the 
pigtail macaque, human, and horse, 10 were found in exon 3 (117 bp) and 10 
in exon 7 (111 bp). The remaining eight variants ranged from none in exon 4 
(93 bp) to three in exon 6 (153 bp). It is possible that greater mutability or 
lower selection in these regions might account for this distribution. An 
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example of the clustering of seven rare point mutations (resulting in charge 
changes) has been reported in the human serum albumin gene within an 
87-bp sequence coding for amino acid residues 354-382 (Arai et al., 1989). 
However, these changes are found in separate alleles. Clustering of changes 
also has been seen over long evolutionary periods (Kafatos et al., 1977), but 
it is generally believed that these mutations occur sequentially after each has 
been fixed in the population, rather than occurring simultaneously in 
polymorphic proportions before fixation. 
Some insight concerning the evolution of nucleotide changes at the 
variant sites can be obtained by comparing the same six variable nucleotide 
positions in other CA I genes. These are shown in Table III as a C/T 
transition at positions 291 and 717, a G / A  transition at positions 309 and 
750, a G/T transversion at position 725, and a C/G transversion at position 
727. It is also noteworthy that two of the positions are in the codons for 
His-96 and Gln-249, which are invariant in all carbonic anhydrases that have 
been sequenced to date (Hewett-Emmett and Tashian, 1991). The other 
four are in codons for Glu-102, Pro-238, Ile/Ser-241, and Gln/Glu-242. 
Because Set and Glu have not been observed at positions 241 and 242, 
respectively, in any other carbonic anhydrase (Hewett-Emmett and Tashian, 
1991), the nucleotide changes from the ancestral sequence are probably T --* 
G at 725 and C ~ G at 727. 
The results presented here, although limited, provide further evidence 
of nueleotide variability at certain genetic loci. Obviously, many more 
sequences of the a and b electrophoretic types, and also the c and d types, 
must be analyzed, as well as the CA I genes of other species of macaque 
monkeys, in order to achieve a fuller understanding of the extent of 
nucleotide variability within various alleles and how they may have evolved. 
Whether the polymorphic variability described in this study is unique to the 
CA I loci of mammals, or whether it is a relatively common feature of other 
m~tmmalian genes, will likely soon come to light given the speed and ease of 
direct sequencing of PCR products. 
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